Abstract-A new model (EWGM) is presented to predict the resonant frequency of Rectangular Dielectric Resonator Antenna (RDRA) more accurately. Correction factors are introduced to calculate the effective dimensions by considering the effect of relative permittivity and aspect ratios (length/height and width/height) of RDRA. Results obtained from EWGM are compared with previous studies and experimental data to show its accuracy and effectiveness.
INTRODUCTION
Dielectric Resonators (DRs) have been widely used in shielded microwave circuits such as cavity resonators, filters and oscillators. As the frequency range goes upward gradually to millimeter and submillimeter region (100 GHz-300 GHz), conductor loss limits the use of metallic antennas. On the other hand, Dielectric Resonator Antenna (DRA) made up of low loss dielectric material is a potential candidate for high frequency application. In recent years, application of DRAs in microwave and millimeter band has been extensively studied [1] [2] [3] [4] [5] , as they provide efficient radiation due to extremely low loss in the dielectric material. Its inherent wide band nature, compactness in size, light weight, low cost, ease of fabrication etc. make DRA very attractive. Theoretical and experimental investigations have been reported on cylindrical, spherical, rectangular, triangular, hexagonal and/or trapezoidal DRAs in literature. Mainly two techniques, Magnetic Wall Model (MWM) with first and/or second order approximation [7] and Dielectric Waveguide Model (DWM) are widely used to analyze the rectangular DRA (RDRA). Marcatili's model [8] , Knox and Toulios's model or Effective Dielectric Constant (EDC) method [9] and Rectangular Shaped Resonator (RSR) model [10] are used to approximate the DWM. To analyze it, first the RDRA, placed on ground plane is excited by dielectric image guide, microstrip slot, coplanar waveguide, aperture (slot) or probe. Due to presence of ground plane, image theory is then applied equivalently to replace the resonator by an isolated DR and hence the effect and/or dimensions of feed mechanism are ignored. According to the Conventional Wave Guide Model (CWGM) [4] , resonant frequency (f r ) of RDRA (a × b × c) is a function of two aspect ratios: length/height (a/c) and width/height (b/c) and the relative permittivity (ε r ). The expression of resonant frequency (f r ) does not include feed mechanism. Further, we usually get a wide difference between theoretical and experimental resonant frequencies as predicted by any of these models.
The concept of effective dimensions of RDRA has been first reported by Antar et al. for RDRA by introducing Modified Wave Guide Model (MWGM) [11] in 1998 which gives better results for medium values of relative permittivity around ε r = 37.84. According to MWGM, each dimension of RDRA (a × b × c) is expressed as
(1) A fitted closed form formula has also been reported using CWGM for prediction of resonant frequency of rectangular DR for antenna application by Neshati et al. in 2001 [12] . According to them, the resonant frequency of RDRA (a × b × c) can be obtained as:
where
q = 2c/a; p = b/a and c is the velocity of light in free space. But this is valid only for 0.5 < p < 2.0; 0.2 < q < 2.0 and 30 < ε r ≤ 100.
Equation (3) does not include the effect of relative permittivity (ε r ). This technique fails to predict the resonant frequency of RDRA beyond 0.5 < p < 2.0 and/or 0.2 < q < 2. Efficient Dielectric Waveguide Model (EDWM) [13] has been reported on the basis of curve fitting technique by Gurel et al. in 2009 . They expressed the resonant frequency (f r ) as:
where k o is free space wave number. MWGM and EDWM both introduce a correction factor by considering the effect of relative permittivity (ε r ). But Van Blade1 showed that the modes of a rectangular DR do not satisfy the magnetic wall condition even when the dielectric constant of the resonator tends to infinity [14] . Losses increase proportionally with volume of the DRA and/or also for very low ε r . Particularly when width (w) is less than height (h) of RDRA, there is a wide variation between measured resonant frequency and theoretical resonant frequency. The resonant frequency of a rectangular DRA for T E Y 111 mode is given by [6] 
where c is the velocity of light in free space. Both Equations (1) and (4) given above deal with relative permittivity of RDRA alone. On the other hand, Equations (2) and (3) deal with dimensions of RDRA only without considering the effect of relative permittivity. There is no standard relation or empirical formula which considers the effect of both relative permittivity and dimensions of RDRA for predicting the resonant frequency. Therefore, in this section accurate correction factors for effective dimensions are reported on the basis of relative permittivity and dimensions of RDRA, noting that Electro-Magnetic (EM) energy confined within the DRA is related to permittivity and its dimensions [14] . The model developed is compared to predict the resonant frequency with CWGM, MWGM and EDWM for a wide range of values of ε r starting from very low to very high values (9.8-100). It is found that our model gives better results than CWGM, MWGM and EDWM. In our model, the physical dimensions of the DR are replaced by its effective dimensions obtained using the correction factors. This procedure is carried out in all dimensions to replace the original DR by an effective waveguide cavity.
Fields within the cavity are analyzed to get the resonant frequency and the model developed is named EWGM (Effective Wave Guide Model).
EFFECTIVE DIMENSIONS AND EIGEN VALUE EQUATION OF RECTANGULAR DRA
The rectangular DRA as shown in Figure 1 , placed on a finite ground plane has length = d, width = w, height = h and relative permittivity = ε r . For the aperture-coupled structure where the slot is along the y-axis or the probe is placed along x axis, the field for the fundamental mode of concern is T E Y 11δ . In the conventional waveguide model, the calculation of resonant frequency is based on a waveguide structure with a Perfect Electric Conductor (PEC) plane at z = 0, and Perfect Magnetic Conductor (PMC) walls at the |x| = d/2 and z = h planes, respectively. But Marcatili's Dielectric Waveguide Model (DWM) [8] or Mixed Magnetic Wall model (MMW) [7] doesn't give perfect solution for RDRAs. Governing equations for k x , k y and k z also take another form in the presence of any extra magnetic wall as in the case of Trapped Rectangular DRA (TRDRA). For that reason we do get remarkable difference between theoretical and experimental data.
However, we know that the Electro-Magnetic (EM) energy confined within the DRA is related to permittivity and its dimensions [14] . Electric fields get confined if the relative permittivity ofDRAs increases. The concept of effective dimension(s) for a radiating element is related to E field. For very high value of relative permittivity of DRAs, maximum amount of E-field remains confined. The effective distance between the E-field and the center of DRA reduces. Hence electrical dimension reduces for high values of permittivity.
To analyze the rectangular DRAs, we apply PEC at z = 0 and magnetic wall at all other remaining sides of DRA. But these magnetic walls are not perfect. E-fields go outside the DRAs due to fringing for low values of permittivity of DRA. Thus the effective distance between the E-field and the center of DRA increases. Hence electrical dimensions increase for low values of permittivity. Changes in electrical dimensions along the length and the width are much more than those along the height of DRAs. Considering length extension/decrement along all dimensions, the effective dimensions of RDRA (in cm) are
and the values of other parameters a, b, p, g are as given below. where α is nearest rounded value of ε r and is a multiple of 10.
where m = 0.1(α − ε r )/20,
and
0.065, f or 70 < ε r < 80;
The parameters in Equations (9)- (13) are obtained by curve fitting technique using the full-wave analysis data. Assuming the ground plane is infinitely large, image theory can be applied to replace the resonator by an isolated DR along with its image as shown in Figure 2 . The equivalent resonator has twice the height of the original resonator.
The field components of the T E Y 11δ mode inside the resonator can be written as [4, 15] :
where ε d = ε o ε r is the permittivity of resonator and k x , k y and k z are the wave numbers in x, y and z directions respectively which can be determined from the boundary conditions. Considering Perfect Electric Conductor (PEC) at z = 0 and Perfect Magnetic Conductor (PMC) at z = h e and |x| = d e /2 and field continuity at |y| = w e /2 planes for T E Y 11δ mode, we get
and k o is free space wave number corresponding to resonant frequency (f r ). 
VERIFICATION OF MODEL
We have investigated RDRAs to predict the resonance frequency over a wide range of permittivity (9.8 ≤ ε r ≤ 100) by using our proposed correction factors. For validation, we use data as given in [4, 11, 13, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Due to conductor losses, surface wave propagation, large volume [11, 13] .
To justify the superiority of our proposed correction factors, in Table 1 and Table 2 thirty nine examples are reported. The Root Mean Square Errors (RMSE) for CDWM, MDWM and EDWM are 0.3784, 0.4392 and 0.3633 respectively which are very high compared to our proposed model, EWGM (0.1576) as shown in Table 2 .
CONCLUSIONS
Resonant frequency depends not only the dimensions of DRA and relative permittivity of DRA but also on the coupling mechanism, size of ground plane and relative permittivity of glue to fix the DRA on ground plane. Confinement of electromagnetic energy is related to the amount of E-field inside the DRA which in turn depends on the coupling mechanism. For the case of probe feed, we have to consider the dimensions and position of probe. Similarly for CoPlanar Waveguide (CPW) coupling dimensions of slot play a vital role. Our proposed EWGM model deals with effective distance between the centre of RDRA and E-field lines which makes it independent of feed mechanism. Correction factors developed for EWGM give very good agreement between measured and predicted resonance frequencies with a RMSE of 0.1576 (or MSE of 0.0248) which is much better than the RMSE (or MSE) obtained using CWGM, MWGM and EDWM as shown in Table 2 .
Hence it is concluded that EWGM gives much better result for a wide range of values of aspect ratio (0.5 ≤ d/h ≤ 12.7; 0.2778 ≤ w/h ≤ 12.7) and/or relative permittivity of DRA (within the range of ε r = 9.8 − 100) and indicates its superiority over CWGM, MWGM and EDWM methods already presented in literature as the most general and accurate model reported so far.
